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A n  i qes t iga t ion  was gomiucted t o  determine the effect  of con- 
trol led grain size am3. increased  carbon  content on engine perfamname 
d high-temperature  .properties of precision-cast   Stell i te 21 t t i r b d  
blades. B M e s  were m e t   t o  in controlled grain Sizes, C I B S E ~  
as fins, medium, and coarse. Other blades were cast  of high-carbon 
S t e l l i t e  21. The blades were mounted in a TCimhen 16-25-6 rotor a d  
operated in a U. S. A i r  Force 533-9 turbojet  engine in 20-minute cycles 
c o m i s t h g  of 15 mFnute~ at rated speed and approximately,5.minutes a t  
idle Speed. Laboratory EbZWES-Z'UptWe t e s t e  O f  EpeCimsIlE Cut *Om . blades were cofiucted st the atrees and tmperature  conditions encount- 
ered during r&ted-speed operation in -the engine. 

+ The resu l t s  of the eng- teet and the  laboratory  stress-rupture 
tes te  indicated: 

1. F--grain ste 'u te 21 blades had a lower l i f e  and creep resist- 
ance than the medium- and coarse-grain bladea, and a l l  three grain size 
blades manlfeeted less scatter than  the  production  blsdee. 

2. HI&-oarbon S t e l l l t e  2 1  had. higher blade life than the produc- 
t i o n  SW3lli-b 21. 

INTRODU(;SCION 

The turbojet engine camponent operating urder the most severe corn- 
b a t  on of s t ress  a d  temperature is the  turbine blade. h order t o  
meet !he s t ress  and taQerature  requirements  for  the  turbine  blades, a 

these al loys are fabricated into  turbine  blades by one of Dwo methods: 
forgf or,  precis,ioq-aasting. B l & f t ~  made by ei ther  method have f o u d  

* nurmbe of.heat-resistant alloys have been developed. The m j o r i t y  of 

h - 
. .  . 

I UNCLASSIFED 
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wide application ln the je t  engine fields. In order t o  met present and 
future d m n d s  for turbine-blades,  both the forging and the  precision 
c a d i n g   f a c i l i t i e s  must be -u-t;llized.  For,several  years there has been 
a def id--trend away f r o m  the me of preqigiin-ciz+st bladee in turbojet 
engines because of the wide scatter of blade -performance of the  preciston- 
cast; alloys, which resulted in urrpredlctable e a r i y  failures in turbojet . .. . . 

engines. 

- 7- 
- .  
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The Lewis laboratory of the...NCICA has been  conducting an Fnvestiga- 

t ion  of the mechanlm of failure in turbine bladee made fram cast alloye 
and the ef fec ts  of fabrication  variables on the 'blade performance o f  
these alloys. A s  part of this.progran,  precision-cast blades of produc- 
tion S t e l l i t e  21, high-carbon S t e l l i t a  21, and fine-, medium-, and 
coarse-pain Stellitte 2 1  produced by control of casting temperatWf3EI 
were mounted Fn a..ICimlren. E-25-6, rutor and, operated in a U.S. A i r  Force 
533-9 turbojet  .engine. . The test coneisted of' a repeti t ion of a 
20-minute cycle (15 min at  rated.  a p e d  aril appr0xiZnatel.y 5 mln at i d l e ) .  
Cyolic operation was employed t o  BFmulate .ackWl aerpice cond$tiona. . 

The engfas: was shwt down a t  the close of +,he. work day or  whenever a tur- 
bine blade fafled. A t  shut--dawn interpVals during the engine operation, 
the t u r b i n e  bladea w e r 6  meamr~?sd to  determine the amount of blade creep 
and were inspected for damage. "he blades w e r e  operated t o  failure. At 
the conclwion of operation, all blade failures wemexamined metal- . .  . 

lurgically t o  dete- the nature- of the failure afld the s W c t u r a l  
changee occurring in the .blades dur- operation. 

." 

. .. 

- 
In order t o  compare the   resul ts  of tKe engine tests with laboratory 

data, the high-temperature. sbrength of the materials was determimd. 
This determination was made by atreas-rupture  testing of specimens cut 
f'rcm blades. The t e s t s  were ooduoted a t  the st;rese and temperatuty . . .. 

conditiollEl encountered during rated-speed  operation of the engine. 

. _ _  
.- - " 

t 

.. . 

Turbine blades. - The -blade-alloys investigated and their  chemical 
compositions are UElted in table I:. These alloys were precieion &et 
into turbine blades- given the following heat..trea-nts: ." . . . . . - . - 

Type of Number of blades 
S t e l l i t e  2 1  

4 Fine grain 

6 Klgh  carbon 

6 Production 

i n  wheel 

5 ::. .: I Coarse grain. 

9 Medium grain 

0 

Heat t r e a h n t  

L 

None 

NOl" 

24 k o u r ~  at  1350° F 

24 h o W B  a t  l 3 5 O o  F 

24 hours at 1350' F 

c 
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The controlled-grain-size  blades were produced by a vasiation of‘ pourFng 
temperature a t  a fixed mold temperature.  Fabrication de ia i l s  axe given 
in reference 1. A l l  blades were rdiograghed for flaws. 

* 

The TWen alloy  rotor was f i t t e d  with 52 stamlard blades and two 
blades fitted. with thermocouples as described in reference 2. (part of 
the  blades in the wheel were for another  Investigation.) Before e n g b  
operation, the cross-sectiona3 area8 of several  blades of eaoh type were 

the a i r f o i l  were calculated by the method described in refereme 3. 
N ’ measured on an optical   carpratat=, and the stress distrfbutione don@; 
5 
P 

Engine operation. - The blades were operated i n  a U. S. A i r  Force 
533-9 -turbo j e t  engine having a nominal thrust  of 4doo pounds and employ- 
ing a dual-entry  centrifugal  conqressor. The engine ha6 14 conibustion 
chambers. The engbe and test  instrumentation are described in  refer-. 
.ence 4. The engine test c o n s i s t 6  of a repeti t ion of the  cycle shown-in 
figure 1. During the  rated- speed portion of the cycle,  the gas tempera- 
ture was varied t o  yield a  temperature of 1475k5’ F measwed 2 inches 
from the base of the“  therycoupled half blade. This  procedure would resul t  
i n  a  temperature of 15oQ_+5 F at the midpoint  of a full blade (reference 2). 

Three blades of each U o y  Bample were scribed in the mannsr shown 
in figure 2. A t  s h u t - d m  periods during engine operation, measurements 
were made of blade  creep between these scribed marks w i t h  an optical  
extensometer having a reading accuracy of @. 0001 Inch. After a 
failure,  the  blades were examFned f o r  rlR.mAae resulting f i a m  failure of 
blades or  of other engine ccarrponente and the location and nature of the 
d,amB,ge were recorded. A l l  blades were operated t o  failure, defined as 
either complete b W e  f’mcture or evidence of the begFnniag of f’racture. 
Ln order t o  m i d m l e e  the damge result ing -from blade  fracture, the 
t h i c b s s  of‘ the shroud Fn-the engine tail cone 8urrounding the turbine 
wheel was reduced t o  allow blade  fragmsnte to  pierce  the t a i l  cone 
eas- and t o  be thrown clear of the  turbine. 

Metallurgicalexamins;t;ion of blades.  - As-received and tested  blades 
were examined t o  determine any ms”hrg ica l  changes that occurred  during 
englne operation and the mechanism o f  the fa i lure  pyopagation. The e-- 
inatiom were made with sbmdard  liretallurgical equipment aod procedures. 

High-temperature strength evaluations; - 8im.ultaneousl.y with the 
engine operations,  stress-rupture  tests  were-conducted on specimens cut 
from the a i r f o i l  sections of blades from the same lots as those 
used in  the engine t e s t .  The. shape of the specimen and the zone of the 
blade from which it was machined are shown i n  f igure 3. The zone of the 
blade from which the specimsn w a s  cut was selected  to  give a maximum 
amount of  stock f o r  a specimen having the gage sect ion  in  the mid- 
zone (also the fa i lure  zone of the  a i r foi l   sect ion) .  The stress- 
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rupture  tests were a l l  corducted a t  1500' F Fn machines by means of . . 

a loading s y s t e m  whi-ch coneisted csf a sFmple beam acting  through a 
system of W e  edges. The specimens were kgte.d. In a resistance- 
type  furnace. The specimsn temperature  was controlled un t i l  there 
was less than a 5O F variation along the length.& the specimsn, w i t h  
the average temperature. varying 0- so F. 

- . -. .* ..- 
. .  
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m m  

Blade  Streseee 

R m n .  the.   results of the determinatione : o f  the  centrifugal stress 
distributione at  rated speed (11,503 r - p )  of test blades, the stress 
was determined far each  blade sample 2 inches above the  base of the - 

blade. (the point.  .of ma,ximm t a e r a t w e .  {reference - 5 )  ) . The average 
values of this stress f o r  each.alloy  are  l isted  in. tablelII .  

. .  

. . .- 
" 

EngFne Operation " 

The wheel contahing  the test blades wafl operated for a total of ~ 

508 cyclee or approximately 127 hours at rated speed.. The t e s t  was 
concluded at this tFme became of severe damage to the.bladee caused 
by the failure of another e n g b  caqmnent. The cnmplete results of 
engine operation are ligted in table III: Failure time ie considered 
as  the  time a t  rated speed (ll,5.00 rpm) only. Because the temperature 
a d  stress  condftions  during  the idle portion of the cycle are  low, 
t h i s  time is neglected in determining the l i f e  of the blades. In fur- * 
ther  evaluations of the  resul ts  of the engine teet ,  the failures . .  

resulting from impact damage w i l l  be omittd. becauae they are the . . .  

result of extraordinary  operatiig  conditione and a% therefore not 
indicative of the true performance of an a l loy .  

-- - -I 
.. . . . .*. -r 

. .. . . . . - . . - " 
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The results of the  blade-creep-masuremanta  pndicate that the zone 
of maximum oreep lay just above or below the middle of the blade aFrfoil 
section. In general, the section of maximum elowation waa either ssc- . .  

t ion  3 or 4, the motions j u s t  below o r  above the middle of the bladerr. 
In figure 4, the creep curves for section8 3 and 4 a r e  plotted for a l l .  
the scribed teet blades. The f i m l  blade elongations in zones 3 and 4 
pr io r  t o  failure f-q"t;rue blade failures  (not  resultfag f'rqm damage) are 
l i s t ed  in table IV. For purposes -of  capari.son, the values of creep 
over  zone^ 3 and 4 were averaged for the scribed blades each group 
a d  a qualitative  oomprisonof ths blade creep l e  shown in figure 5. 

" . ." 

. . .. - 

.. . 

- . . . " . . . . . . . . . - -. . ." . . . - ". . . - 
. .  . . - . . . . . 
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- .  . 



5 
n 

5 

The resul ts  of the metallurgical examFnation a r e  presented in 
figures.6 t o  8, which present the nature of the  blade  failures and the 
ahanges in blade  structure during operation. The microstruc~ures shmn 
were selected  to  reprewnt the various groups of blades. 

The results of the metallurgical examlnatlona of the blade  failuree 
ro Fmiicate that the  fa i lures  were of the fol lowhg types: 

P (I) In figure 9(a) are shown failures in which the or ig in  of the 
k P  
4 

fracture is characterized by 811 I r r e g u l a r  grmular mface  sharing no 
evidence of fatigue-type failure. The fracture follows an interorystal- 
lFne path and mall intercrystall ine cracks are preeent in the area just 
below the fai lure  zone. Became of the simllarlty of such fa i lures  to 
those  encountered in laboratory  stress-mpture tests, these  failuree 
were classed as the atress-rupture type. 

(2)  The fa i lures  of figure 9(b) are characterized  by a -0th frac- 
ture 1J1zTf&ce at  the failure arlgin, sametimes show- the  familiar con- 
centric  ring markings of a fatigue failure. These failures follow a 
tranEcrystalline path. In this O ~ E E  fall the failures that result f r c p n  
the caibbined effects  of the centrif’ugal and vibratory streams and show 
no evidence of in i t ia t ion  of the  stress-rupture  type of failure. These 
failures were chased  as the fatigue type. 

(3) In the  failures of figwe 9(c), the  fkacture o r i g h t e d  in  a 
zone s l m i U r  t o  that described for the Erkesa-rupture-type failure, d 
then progressed  through a zone of the fatigue-tw failure. The stress- 
rupture origin of these failurea is determFned by macroscopic and micro- 
scopic  examination of both the Initial cracks deteated durfng operation 
and the f iml  fracture. These failures w i l l  be classed as the rrtrees- 
rupture-follawed-by-fatigue tw . 

The preceding  classification of failures refers  only t o  the begin- 
ning zones of blade  fail-e. After fracture -has progressed t o  a c r i t i c a l  
depth by amy of the mentioned types of failure, the blades fa i l  in ten- 
sion because of the hlgh EI-tresseb produced by the reduced load-caZTyhg 
area. In figure 10, the resu l t s  of the engine operation are presented 
and the type of fa i lure  mechaniam associated with each true blade failure 
is shown. 

- 

The results of the grain-size measuranents of the  blades are l i s t ed  
in table V. Figure ll presents a qualitative cnmparison of the  three 
different grain sizes in the controlled-grain-size blades.  



6 NACA RM E52D10 

DEKUBSIQN OF RESUETS 

Effect of .grain .plize. - B e f o r e ,  the effect. of grain. eiee on blade . 

p e r f o m e  i e  -digcussed,  the ...p robable. effect. of the .cast.3ng conditione-_ 
on structure should be- mted. - Because the conditians  subject  the blad0i 
t o  a specific ra.nge of temgeratures  through which the .blades cool a t  a 
specific  rate,  each.aet of- cas t i ng  corrdit.iana of the  various  grain-size 
groups can be oonsld6red aa .&. Individual heat treatment.  Stellite 21  T" 
is structurally  sensitive t o  both  temperature and coolFag ra te  (refer-. 
ence8 6 and 7 ) .  Although the va;cioua-blebdeB m e  epe.cif1ed by grain eiee, 
it ehould be-rmembered that the heat treatment t o  secure  the grain eiee 
of the blade wae a oantrfbuting  factor, Fn t&. q-su l ts  obtained.. - ". 

The resul ts  of the .engine operation of the controllad-grainrsize 
S te l l i t e  2 1  blades (fig. 10) indicate that the  failure bands are mrrower 
than the bands f o r  the.  production blades.  This fact  indicates that the. 
improvement F n .  uniformity of p e r f o r m m e  i~ not necessarily a function . 

of grain size  .but possibly a function of controlling  either  the  casting 
conditions o r  the unif'armity of the  grain a im.  The nuuiber of blades 
teeted  in t h i s  bveetigation w a s  t oo  small t o  mab a quantitative com- . . 
'parison. of-  the effects  of controlled-grain-size oastFng on the amount 
of scatter in the failure . b a r d  for SteLlit.e..21.. . . . . . . . . . . .  -. 

The resul ts  of the engine operation of c e o l l e d - g r a i n - s i e e  
S t e l l i t e  21 (table III and f ig .  10) -indfcate. that fine-grab. blades 
have shorterl ivee  than coars6- and medium-grain blades. The resul ts  
also ind,icate that the  coarse-grain blades a2e-slightly w e a k e r  than the  
medim-grain budes.  However, eince  the a~erage l ivee  of coarse and 
medium-blades are neaslly;the ~ l & m ~  (fig. 10) the-  difference Fn strength 
ie probably qat significant. .. e- da.t;a, Fn reference . .  .,* .... ~ 1 . . . . .  1 .for - cast .. B.pecimem 

- .. 

. . . .  ".. . .  
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tested in stress rupture a t  the engine st ress  and temperature  conditiona 
confirm the  results of the engine tests. The fhe-grain q~ecimem gave 
significantly lower lives  than  coarse and msdium speoimem, which had 
nearly equal strew-rupture’  lives. 

Because a l l  the  controlled-grain-size  Stellite 2 1  blades  failed 
prinra;rily by stress-rupture mechanisme, the results of the engine t e s t  
should agree  with the laboratory  stress-rupture  teets. Camparison of 
engine .results with the laboratory  stresa-rupture tests on specimsna cut 

were shorter  than the lives  obtained in the-engine f o y t h e  blades fo r  all 
three grain sizes .  Thie resu&t i s  probably due to  the  effect  of the size 
of the specimen used - fo r  s-$resq-mzpture testfi?g. The resul ts  in figure 12 
show a closer agreement between blade-specimen dress-rupture l i fe  and 
the  blade  operating  life for the fim-graln eize than for  the  coarse-grain 
size. That ia ,  as the nuniber of g r a b  per  croee-section  increases 
{fine grain), the  degree of correlation between the  blade and blade 
specimen increaaea. . For b e e s  of large grain s ize  (that is, cast  blades), 
it is apparent that an attempted  correlation of blade-material rupture 
properties and blade Ufe. in the engine- by th i s  method w i l l  not be 
entirely  Isatisfactmy. 

N 

5 
P from blades (fig. 12)  showed €hat the blade-specimen stress-rupture  lives 

The resu l t s  of the  creep measurements of the   Stel l f te  2 1  controlled- 
grain-size  blades (table IV, figs. 4(a) t o  4(c), and fig. 5) indicate 
that the  fine-grain blades have lower creep  resistance  than  the coa,rse 
and medium blades. The coarse- and medium-grain blades showed l i t t l e  
difference in creep  resistanoe. 

One reason  for the lack of significant  differences  in blade l i f e  
a d  creep  resistance for the coarse- and m e d i m - g r a i n  blades is probably 
the mall difference in the grain sizes of the two groups. Both groups 
have macroscopic grain sizes, 10 t o  18 grain8 per blade  cross  section for 
the coarse, and 27 t o  51 grains  per blade cross  section for the medium. 
The fine-grain blades, however, were appreciably  different in grain  size 
f r o m  the medium aMi coarse;  the a v e G e  microscogic size of the f lm- 
grain blades w a s  f romA.S .T .M. -2  t o  4, or about 3000 t o  12,000 grains per 
blade WOSB section. The results  of the  metallurgical  examination of the 
controlled-grain-size  Stellite 21blades also  indicate that the blade 
hardneesea of all grain eizes are v e q  nearly the same before and after 
operation (table VI). The miorostmctures of the blades also a re  similar 
in the nature of the phasee visible. Beoause.the controlled-grain-size 
blades were similar in structure and hardness, it nnsy then be assmed 
that the  effect  of the  structure and hardness on  the life of the blades 
would cance1.ou-b and leave only  the grain size as the controlling  factor .. on blade l ife.  
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Effect of increasing; carbon  content of Ste lUte  21. - The high- 
carbon S t e l l i t e  21 contains 0.38 percent  carbon as compared with 0.28 
percent i n  normal Stel l i te  21. The  0.10-percent .change 3.n carbon con- 
t en t  is the o n l y  significant difference .In.the.:comqosition of the two 
alloys. Tha resu l t s  of- . e r g h e  crperation of . . t h e  high-cwboq bLade~ 
indicate a 8-ignificagt. imgrovemsnt in blade Ai$? oyer  the.  production 
S te l l i t e .  2 1  (table In. and Pig .  10). The product ion-alloy  blades had, a 
l i f e  band f r o m  about 42 t o  82 hours, and the high-carbon  alloy, frcm 
about 68 ' to 127 or aoz% hours. The mechardm of blade failure was 
the sane for both  a l low,  stress rupture followed by fatigue. 

A comparison- a m  .creep cuirpes fw..the h igh-Fbon  . g d  the_ pro- .. 

duction alloy (figs.  4(d) ,  4(e), and 5) indkates  that within the nor- 
mal range .of scatter there is l i t t l e  dif'ference in Keep resistance 
between the two alloys. 

Th.e .results of the metallurgi-cal examination of the production and 
high-carbon alloy indicate some diffarenae in .preoperation  (as-cast) 
Plardnese (table VI]. The high-carbon blades were, on the average, 1.3 
units on the Rockwell A scale hard= -than  the  production blades. B o t h  . 

alloys inoreased In hardness during.  operation by the .same amount, around 
7 units on tha Rockwell A scale  (table VI). 

. .  

. ". 

There was l i t t l e  difference :in "the preoperation  stmotme of both 
alioys (f fg. 7(d) and 7(f) ) , although  the  highyosrbon Ste.Uite 21 does . 

show more precipitate at the grain bowldariee. -_Aftq operation,  both 
al loys s h o w  an increase imthe amount 9f gral3FbowdaI-y p k i p i t a t i o n  - 
(figs. 7(e) and 7(g)); this  increase is greatar.for the high-carbon 
S t e l l i t e  21. Becawathe  precipitates are  carbides (refereme, e), these 
changes are  as expected. The increased  operating life of the high-carbon 
S t e l l i t e  21  blades over the  production  Stellite .21 may be  due t o  the 
greater amount of lamellar precipitate of the high-carbon alloy. Investl- 
ga t ion  of heat-treated ellpgl.charger blades of . q t e l l i g  21:. (reference 7) 
has indicated that ..the highest blade Iifa f o r  t h i s   a l l oy  may be associ- 
ated with. a .lamellar or plate-ltke  precipitate. 

. . . .  

. .. 

r 
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the  production  Stell i te.21 o r  the high-carbon St6llfte 21  on the basis  
of the laboratory  stress-rupture tests. Fine-grain bladerJ of Stellite 2 1  ' 

had h e r  life than the coarse- and medim-grain S t e l l i t e  21  blades, 
which  had essent ia l ly  the- same blade l i fe .  

2. Fine-grah blades of Stel l i te  2 1  had lower creep reeistance dur-  
ing engine operation than the comse- and medium-grain blades, which had 
essentially the mme creep reaietance. . .  

3. High-carbon S t e l l i k e  2 1  with an increased carbon content of 0.10 
percent  over  production Stellite' 2 1  had a s i m f i c a n t l y  higher engine 
blade life thas the  production alloy. The increased carbon content did 
not change the creep resistance of the Stellite 2 1  blades. 
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,. TABLE r - NOMIXAL cmm.~~ COMPOS~IOPT OF FRECISION-CAST ~ Y S  

EvALUA!l3D AS TUKBINE BUUES 

S t e l l i t e  21 0.28 Bal. 27.0  2.75 5.5 1.0 0.60 0.60 

HSgh-carbon 
S t e l l i t 8  21 .38 %lo 27.0 2.75  5.5 1.0 .50 -50 

TABI;p: I1 - AVERAGE CEMTRIl?XAL STRESS AT U,500 rpm IN TURBINE BLADES 

AT POIKC OF "UM TEMpERcITaRE& 

Type Of Ste l l i t 0  21 stZ'086 (pet) 

Product ion 20,700 

High carbon 

20,400 Medium @;rain 

20,600 FFns grain 

21,000 

COarSe grShl 20,100 

%o inches above  base of blade, 
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t 

rspe 
of 

Product ion 1 
2 
3 
4 

H i g h  carbon 1 
2a 
3 
4 1 5b 

Fine grain I :  
Medium grain 1 

2 
3 
4 
5 
6 
7 
8 
9 

Coarse grain 1 
2 
3 
4 
5 .  

%%sed by damage. 

rated speed 
(11,500 -1 

41.8 
49.3 
52.2 
82.3 

68.4 
69.8 
75.6. 
91.1 
108.9 

24.9 
30.3 
31.0 
32.6 

29.4 
33 .O 
33.6 
34.8 
35.1 
35.1 
36.4 
41.3 
43.9 

~ 

27.5 
34.7" 
34.8 
35.1 
-35.1 

[umber of 
;O-minute 
c ya l e  s 

167.40 
197.35 
208.95 
329 . 50 
273.75 
279.30 
302.65 
364.60 
435.70 

. .  

99 . 65 
121.45 
124.30 
130.50 

117  .55 
132.35 
.L34.65 
139.35 
140.60 
140 . 60 
145.60 
165.35 
175 .BO 
110.35 
138.95 
139.35 
140.60 
140.60 

. . .  . 

. "+ . .  

Lu 

P 
Ei 

L 



Type of Elongation Failure tlme 
Ste l l i t e  21 (percent in 1/2 inch) 

, ( W  

Production 

3.3 3.00 82.3 
2.8 3.17 52.2 

, 2.1 1.66 41.8 

H i g h  carbon 1 75.6 I 3.32 I 4.9 
91.1 5.60 2.8 

Fine grain I 30.3 1 1.83 1 1.8 
31.0 1.70 1.8 

1 

32.6 2.0 1.80 

Medium grain 33 .O 

1.2 .87 36.4 
1.0 .67 35.1 
1.2 0.70 

Coarse grafn 27.5 0.60 0.5 
34.8 .68 

.8 .98 35.1 

.8 

al.. to 1~ inchee from blade  baee. 

13 to 28 inchee f r o m  blade ba 88. 

7 

3 b 7  
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m e  of 
S te l l i t e  2 1  

Production 

Huh carbon 

Fine grain 

Medlun grain 

Coarse grain 
.~ ~ 

h i l u r e  
tims 
( W  

41.8 
49.3 
52.2 
82.3 

68.4 
75.6 
91.1 
108.9 

24.9 
30.3 
31.0 
32.6 

29.4 

33.6 

35.1 
35.1 
36.4 
41.3 
43.9 

27.5 
34.7 
34.8 
35.1 
35.1 

33 e 0  

34.8 

Grain s l z e  

% r a b  per 
xoas  eec t io~  

2-8 
'29 
32' 
30 

29 
15 
23 ' 

. . .  

, 20 

" 

" 

" 

" 

5 1  
45 
42 
43 
41 
27 . 

32 
40 
2 9  

14 - 

16 
10 

* 14 
18 

"-  "- 
L" "- 
0- 4 2 
1- 5 2 
2-5 3 
3- 6 4- 

. .  

a 
Cross section immediately be1oT;rfailure. 

1 
N 

P 
9 
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TABLZ V I  - CHANGE Iw m S S  DURING EXGINE O d T I O N  

Tgpe of Average hardness at fa i lure  zone, R a  
Stell i te 2 1  

Before  operation Change After operation 

Product  ion. 7.2 72.7 65.5 

Eigh carbon 

2.8 72.6 69.8  Coarse main 

3.7 73.2 69.5 Medium grain 

2.7 72.4 69.7 Fine grain 

7.0 73.8 66. a 

15 
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Blade  tempepatgre (half blade) 

1400 

Exhauet-gas temperatwe 
""""" 

1200 

I 
I 

I 

!' . el 

. 
Time, mln 

Figure 1. - Temperature conditions during typical engine cycle. 
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.. 

Gage 

i 1 .  
+- 

Trai l ing 
edge 

7- 
L/2" 
1_ 
-3/16 'I 

I " r  
- 5 / 8 4  

Figure 2. - Location of scribe 
marks on convex side of t u r -  
bine blade for use in measur- 
ing elongation. 
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Leading 
edge .- 

,-Trailing 
edge 

N 
b P  
4 

Figure 3. - Blade: stress-rupxure specimen and 
zone from which it was machined. 
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(a) Fine-grab Stellits 21. 
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(c) fnitial failure coarse grain. 
Flgure 6. - Conthued. Blade  failures. 
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(f.) Typical failure of high-carbon StelUte 21. 

Figure 6. - Concluded. Blade f a i l m e .  
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- .  .. . . 

T 
C-29511 

(a) structure of fine-grain Stellit13 ar a f t e r  
operation. ElectmlyticaLly etched in 5-peroent 
aqua regia; X250. 

ELgure 7 .  - T y p i d a l  mioroetructwee. 
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3 - - -  

". 

t 

(c) Structure of medium-grain S te l l l t e  21 before 
operation. Typical also of ooarse-grain Stel- 
l i t e  2 1  befor? operation. E l e c t r o l ~ i c a l l y  
etched in 5-percent aqua regia; X250.. 

Figure 7. - Continued. mica1 microstructures. 

. 
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(a) Structure 
operation. 
aqua regia; 

T 
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( f )  Structure of high-carbon Ste lUte  2 1  before 
operation.  Electmp-ticallg  etched in 5-percent 
aqua regia; X250. 

(g) Structure of high-carbon Ste lUte  21 after 
operation.  Xlectmlytlcally etohed In Erpercent 
EQW regia; X=. Both: Dense precipitation 
in  grain boundary zone. 

Flgure 7 .  - Continured. Typical  micmstructures. 
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(i) G r a i n  boundary zone d high-carbon StelUte 2 1  
shoving preoipl3iatee a f t e r  operatian.. Ekctm- 
lytioally etched in 5-parcant aqua regia; XlOOO. 

Figure 7. - C ~ m ~ l u d e d .  T y p i c a l  microrstructuree. 

C-29515  
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KACA RM E52D10 - 

(a) Intercryetalline crack tgpical af m e d i u m -  
and coarse-win   S te l l i t e  21. 

3.3 

(b) Typical Intercryatalline cracking in fine- 
grain Ste l l i t e  21. 

Figure 8. - T n i c a l  blade cracks showing fracture pathe. All epecimens 
electrolflioally etched in  5-percent aqua regia; X100. 
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(c) Stress rupture followed bg fatigue. 

Sigure 9.  - Tspes of blade failure. 

*, 
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Failure time, hr at rated speed 

Figure 10. - Reeult8 af englne operaticm. 
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